Most wings and fins found in nature are deformable during the flapping motion. In the current work, a finite-difference based immersed boundary solver is used for studying the wake structures and hydrodynamic performance of elliptic plates with and without surface morphing under a pitching-rolling motion. Both chordwise and spanwise morphing are studied for understanding the propulsion performance of the plates. The results indicate that pitching-rolling plates in general have unique wake topology comparing to the pitchingplunging plates. The wake structure and propulsion performance of the plates can be significantly affected by the surface morphing. 
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Introduction
atural swimmers/flyers, all equipped with deformable fins/wings, which can actively or passively produce deformations in both spanwise and chordwise [1] [2] [3] [4] . It is reported that such deformations can provide extra hydrodynamic/aerodynamic benefits, including the increment in 1 Ph.D. Candidate, AIAA student member, yr5my@virginia.edu 2 Research Associate, AIAA member, gl6d@virginia.edu 3 Associate Professor, AIAA Associate Fellow, haibo.dong@virginia.edu N 2 American Institute of Aeronautics and Astronautics force production and the decrement in energy consumption [5] [6] [7] . The flexible propulsors are of great interest to both the scientific study [8] [9] [10] and the engineering design [11] [12] [13] .
Flapping motion is widely adopted in the biological propulsion system, such as fish pectoral fins and insect/bird wings. A lot of previous studies on the flapping motion are based on a simplified kinematic model of pitching-plunging [14] [15] [16] , which assumes uniform motions in spanwise direction. However, the real fin/wing in nature presents pitching-rolling motion, in which the plunging motion is replaced by a rolling of the fin/wing about its root. The presence of rolling motion will enlarge the three-dimensionality of the problem, which may be important to the flow features or the performance of the propulsors. Several experimental works are performed previously to study the performance of pitching-rolling plates with different shapes [17, 18] . They found that twisting plays an important role in the performance of the pitching-rolling plate.
In this work, our purpose is to explore the effects of both spanwise and chordwise morphing in a flapping propulsor. A deformable plate model in pitching-rolling motion, which is to mimic the propulsor flapping around its root, is built. The performance and wake structure related to the deformable motion are discussed in detail. The paper will be organized as follows. The methodology applied by this work will be introduced first. Next, we will present results of rigid pitching-rolling plates with different pitching amplitudes. After that, the plate surface morphing effects will be discussed. At last, the conclusion of this work will be presented.
Methodology
A mathematical model for the pitching-rolling plate, which is inspired from bio-propulsors, is built in this work. A second-order finite-difference based immersed-boundary solver [14, 19] is then used to obtain the corresponding aerodynamic performances and flow features. The details of numerical method, plate surface morphing modeling and simulation setup are introduced in the following sections.
A. Numerical method
The in-house flow solver used in this work employs a Cartesian grid method wherein flow past immersed complex geometries [14, 19, 20] can be simulated on non-body conformal Cartesian grids. The method employs a second-order central difference scheme in space and a second-order accurate fractional-step method for time advancement. Code validations and details of numerical methodologies can be found in Mittal et al. [19] 
B. Plate kinematics
The plate kinematics is governed by the following equations:
where  is the rolling angle and  is the plate pitching angle. Figure 1 shows the schematic of this plate kinematics. The plate's aspect ratio applied in this work is 2 AR  . American Institute of Aeronautics and Astronautics 
where  is twisting index. T is the flapping period. i a and i b are the corresponding Fourier coefficients, which are determined via solving the following system of equations:
where 1 t and 2 t denote the timings of maximum twisting in downstroke and upstroke respectively. p S S S   is fixed as 0.5, and the inflexion angle  at every time step is modeled using the equation below: For all cases discussed in the results part, the twisting index and inflexion angle amplitudes in downstroke and upstroke are set equal with each other, in order to reduce the parameters involved in the parametric study. In summary, we have two parameters ( m  and m  ) to control the surface morphing of the pitching-rolling plates. We will discuss 7 cases in the following sections. The first 4 cases are rigid plate cases with different pitching amplitudes. Based on the results of those 4 cases, we choose one of them to be the baseline case and named it as case R, which means the baseline rigid plate case. After that, chordwise twisting, spanwise bending and the combination of those two are added to the case R to study the effects of plate surface morphing. The 3 new cases are named as R+T, R+B and R+T+B, respectively. The detailed configurations of those cases are listed in table I. 
D. Simulation setup
Where c is mid-chord length,  denotes kinematic viscosity, f is flapping frequency and A stands for peak-to-peak amplitude measured at the mid chord. 
Results
In this section, we first present the results of rigid pitching-rolling plates with different pitching amplitudes. And then, the effects of chordwise twisting and spanwise bending, which are added to a baseline rigid pitching-rolling plate with pitching amplitude equals to 30  , will be examined. Finally, the mechanism for the efficiency improvement of twisting will be discussed. We use thrust coefficient ( T C ) and power coefficient ( PW C ) to quantify the performance of the pitching-rolling plate, which are defined as, 2 3 , 0.5 0.5 A. Pitching-rolling plate without surface morphing  Table II listed cycle averaged values of thrust and power coefficients, and also the propulsive efficiencies, which defined as thrust over power ratio. It is found that the case with 30 m    has the highest thrust production while the propulsive efficiency is relatively high among the 4 cases. Previous study [17] on a pitching-rolling plate at high Reynolds number also found that the pitching amplitude variation can change the propulsive performance in terms of both the thrust and the propulsive efficiency. Figure 5 shows the flow features of the case with 30 m    . A thrust producing wake can be identified in Figure 5 (a). Vortex pairs with different directions, or say, vortex rings, can be observed, which will induce local jets (red arrow) to the direction opposite to the thrust direction. Figure 5 (b) shows vortex structures in three-dimensional space. The shed trailing edge vortex (TEV), along with the tip vortex (TV), connect with the newly developing leading edge vortex (LEV) and root vortex (RV) to form a vortex ring, which will shed right after the stroke reversal. Those vortex rings will induce flow jets as shown in Figure 5 (a). The flow structures of a typical pitching-rolling plate is similar to that of a pitching-plunging plate [14] .

B. Pitching-rolling plate with surface morphing
In the previous sub-section, we compared the performance of rigid pitching-rolling plates with different pitching amplitude ( m  ) and found that the case with 30 m    has the highest thrust. In this sub-section, we use this case as the baseline case, and add the chordwise and spanwise morphing to it to examine the effects. The amplitudes of both the chordwise and spanwise morphing are 30˚. Figure 6 and Table III shows the performance comparison of the rigid plate and deformable plates. First, we examine the effect of the bending motion. According to Table III , by comparing the results of case R and R+B, it is found that the thrust increment is less than 1% and the efficiency decreased about 3%. Both of them are negligible. This result demonstrates that the effect of adding only the spanwise bending to a rigid pitching-rolling plate is relatively small.
The effect of the chordwise twisting is much more significant than that of the spanwise bending. The results of case R and R+T show that by adding the chordwise twisting to the rigid plate, the thrust decreases by 30.6%. However, the power output decreases much more than this, which is 54.5%. And this results in a remarkable efficiency improvement (about 52%). The results demonstrate that adding the chordwise twisting is an effective way of improving efficiency in a pitching-rolling plate.
It is worth noting that in case R+T, the time interval where shows significant decrement of thrust coefficient comparing to case R, is quite different from that of power coefficient. The thrust decrement happens in only two narrow time intervals ( 4.1 4.35 t T   in the first half stroke and 4.6 4.85 t T   in the second half stroke) during one flapping cycle. However, the time interval of power decreasing ( 4.05 4.40 t T   in the first half stroke and 4.55 4.90 t T   in the second half stroke) is wider than former. These features is highly related the unsteady flows around the plates, which will be discussed in the future. Finally, the effect of adding both the twisting and bending to the baseline rigid plate is studied. The comparison of the results for case R+T and R+T+B indicates that spanwise bending will be more effective if it is combined with chordwise twisting. The thrust in case R+T+B is about 28.4% higher than that in case R+T, while the efficiency only drops about 1%. Actually, spanwise bending is usually observed accompanied with the chordwise twisting in biological propulsors such as fish pectoral fins and insect wings. Our results demonstrate that one of the advantages of the combination of spanwise and chordwise morphing is to enhance the thrust production while keep the efficiency the same.
The performance of the plate is directly related to the induced flow structures. Here, we compare the flow features of the baseline rigid plate case (R) to the case with surface morphing (R+C+S). As shown in figure 7 , it is found that the surface morphing of the plate do not change the main flow features of pitching-rolling plate. Two sets of inclined vortex ring loops can be observed in both cases. The mean flows of both cases show the same feature, i.e., two horn-like backward jets is induced by the vortex rings in the downstream wake. However, the difference is also obvious. The inclination angles (  in figure 7(b) ) of the wake in these two cases are quite different. The value of  in deformable plate (case R+T+B) is only 25˚ which is only 50% of that in rigid plate (case R). This leads to more concentrated backward jets in the case with surface morphing than that in baseline rigid plate case, which is mainly responsible for the efficiency improvement.
Conclusion
In this work, we aim at examining the role of chordwise and spanwise morphing in pitchingrolling plates. First of all, we build a morphing plate model, which includes chordwise twisting and
spanwise bending in pitching-rolling motion inspired from bio-propulsors. Force production, power consumption and flow structures of the modeled plate are obtained through an in-house immersed boundary method based CFD solver. Rigid pitching-rolling plates with different pitching amplitudes, varied from 15˚ to 60˚, are studied. The results show that the case with pitching amplitude of 30˚ generates the highest thrust. Using this case as the baseline case, the roles of the surface morphing are examined by adding the spanwise bending and chordwise twisting to it. The simulation results show that there is no big variation of the performance by adding only the spanwise bending to a rigid plate. However, by adding the chordwise twisting, the efficiency (quantified by averaged thrust over power) of the pitching-rolling plate is increased from 0.20 to 0.31, while the thrust production is decreased from 2.84 to 1.97. Although adding spanwise bending does not alter the performance much, the combination of the spanwise bending and chordwise twisting can further improve the thrust production while keep the propulsive efficiency the same. The plate with both spanwise and chordwise morphing has a narrower wake and this make the backward jet more concentrated, which is responsible for the efficiency improvement.
